Summary. The finite element simulation of a cylinder head has been carried out with Abaqus Standard using Z-mat material model, with thermal boundary conditions coming from combined conjugate heat transfer and gas-exchange simulations. The fatigue post-processing of results has been done with Z-post software using ONERA fatigue model. The resulting lifetime values have been found out to correspond well to observations from the field.
Introduction
Thermomechanical fatigue analysis is a method to estimate the component lifetime by considering the combined thermal and mechanical loading. In this paper, the method application for the cast iron cylinder head component is presented, considering the varying material properties caused by the casting process. This assessment is done by first simulating the stress and strain caused by thermal and mechanical loading with Abaqus finite element simulation and then performing the fatigue post-processing of the results for the component lifetime estimation. The result is the lifetime estimate for the cylinder head and location of critical points.
Simulation workflow
The simulation is performed for an assembly which includes all the main components connected to the cylinder head. The main loading conditions are the assembly loads, thermal load, and cylinder pressure load. The engine operating profile is taken into account, mainly the number of starts and stops and the number of engine cycles per day. Component temperatures are simulated with Star-CCM+ software [7] , where both the thermal load from combustion and the cooling water flow are solved simultaneously [10] . The contact interfaces between the components are modeled as frictional contacts, considering the shrink fits and clearances [13] .
The simulated cylinder head is made of nodular cast iron material, which has spatially varying material properties caused by the casting process. For that reason the local material micro structure is considered in the analysis. This is done for both the material mechanical response and the fatigue analysis. The material parameters for each micro structure have been defined based on cyclic material tests performed with various loading conditions.
The component stress and strain are simulated with Abaqus Standard solver [6] using the Z-mat material library for non-linear material behavior. The Z-mat model is working as Abaqus subroutine, calculating the mechanical response during simulation. Unified Chaboche viscoplasticity constitutive model is used for modeling the material inelastic behavior [5] . The material model includes the effects of thermal dependency and cyclic plasticity, including kinematic and isotropic hardening, creep and stress relaxation [1, 2] . Used plasticity criterion is:
where J is the Von Mises distance in the deviatoric stress space, X is the back stress tensor and Y is the yield stress. Multiple engine cycles are simulated to achieve a stabilized solution ( Figure 1 ). The lifetime estimation is made by post-processing the FE results with the Z-post software with ONERA fatigue damage model [4, 12] . The fatigue model considers nonlinear accumulation of damage, taking into account the full stress-strain history. The temperature effect, local material microstructure, mean stress effect, stress multiaxiality and engine operating profile are included in the analysis. ONERA fatigue model and used material parameters are presented in more detail in [9] . The result from the fatigue analysis is a lifetime estimation for each point in the cylinder head. By post-processing the results, the most critical locations are found with the corresponding lifetime estimation (Figure 2) . When the critical locations are known, a fracture-mechanics-based crack growth analysis can be performed to ensure the safety of the component in the case of possible crack initiation [11] .
The calculated critical locations have been found to correlate well with the real-life component critical locations. Also the calculated lifetime estimations have corresponded reasonably well to the actual component lifetime in the field.
Conclusions
The thermomechanical fatigue analysis has proven to be a good way to achieve reliable lifetime estimation results for the cylinder head. By using this methodology, it is possible to find out the possible critical locations, identify reasons for failures in the existing components and make design changes to achieve better component lifetime. Finally, the analysis can be simplified in such a way that it is possible to achieve reasonably accurate results in a shorter time for a quick concept phase design [3, 8] .
